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Abstract Superconducting magnetic levitation perfor-
mance, including levitation force and guidance force, is
important for the application of high-temperature super-
conducting maglev. Both of them are not only affected by
different arrays of superconductors and magnets, but also
by the thickness of the iron shim between permanent
magnets. In order to obtain the best levitation performance,
the magnetic field distribution, levitation force, and guid-
ance force of a new type of three magnetic hills of per-
manent magnet guideway with iron shim of different
thicknesses (4, 6, and 8 mm) are discussed in this paper.
Simulation analysis and experiment results show that the
guideway with iron shim of 8 mm thickness possesses the
strongest magnetic field and levitation performance when
the suspension gap is larger than 10 mm. However, with
the decreasing of suspension gap, the guideway with iron
shim of 4 mm thickness possesses the best levitation per-
formance. The phenomena can be attributed to the density
distribution of flux and magnetization of iron shim.
Keywords High-temperature superconductor  Three
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1 Introduction
Since high-temperature superconducting (HTS) materials
were found in 1986, people have paid much attention to the
practical application of the permanent magnet–HTS levi-
tation system. With the continuous development of super-
conducting technology [1–3], HTS maglev has been widely
used in superconducting flywheel energy storage system
[4], bearing [5, 6], HTS motors [7, 8], HTS cable [9], HTS
maglev vehicle [10, 11], etc. On December 31, 2000, the
world’s first manned HTS maglev vehicle was successfully
developed in Southwest Jiaotong University [11]. Subse-
quently, Russia and Germany developed their HTS maglev
test vehicles in 2004 [12].
For HTS maglev vehicles, levitation and guidance force
are very important parameters [13–19]. The improvement
of levitation force can effectively enhance the carrying
capacity of the maglev system. Guidance force directly
determines the stability of the HTS maglev vehicles. Tra-
ditionally, permanent magnet guideway often possesses
single magnetic hill [20], which cannot ensure the stability
of HTS maglev vehicle running at high speed. In the
meantime, researchers have paid much attention to the
design of permanent magnet guideway, especially the
permanent magnet arrangement in different ways [21–24].
However, little attention was paid to the iron shim inside
guideway.
In this paper, the levitation and guidance force of high-
temperature superconductor over the redesigned three
magnetic hills of permanent magnet guideway with iron
shim of different thicknesses are studied through simula-
tion and experiments. The relationship between levitation
performance and the thickness of iron shim obtained may
provide a valuable reference for the optimum design of
permanent magnet guideway for HTS maglev system.
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2 Simulation analysis
2.1 Structure of permanent magnet guideway
The guideway consists of four permanent magnets with
section size of 40 mm 9 80 mm, three iron shims, and two
other irons used as clips to fix the whole structure, as shown
in Fig. 1. The trademark of the permanent magnet is N45.
The arrows in Fig. 1 indicate the direction of magnetization
of magnets. Thus, three magnetic hills’ distribution over the
permanent magnet guideway can be obtained.
2.2 Magnetic field simulation with Ansoft
By simulating magnetic field with Ansoft Maxwell, we
calculated the distribution of magnetic induction intensity
(B), as shown in Fig. 2. However, the actual magnetic
induction intensity on the guideway surface is the same as
that 2 mm above guideway in simulation [21], so the ref-
erence system was moved up 2 mm.
2.3 Magnetic field analysis
The thicknesses of iron shim are set as 4, 6, and 8 mm; and
their guideways are marked with a, b, and c, respectively. The
simulation results of BZ (vertical component of B) at different
heights above the three guideways are shown in Fig. 3.
When the height is less than 5 mm above guideway, the
BZ of the guideway a with 4 mm iron shim is the largest,
and it decreases with the height increasing. When the
Fig. 1 The structure of permanent magnet guideway
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Fig. 3 BZ distribution at different heights above guideways. a 0 mm.
b 5 mm. c 10 mm. d 20 m
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height is larger than 5 mm, with the increase of height, BZ
above guideway a is the least, while that above guideway
c turns to be the largest. As we know, larger density of flux
causes larger BZ, and this should be the reason that the BZ
of the iron shim in 4 mm thickness is the largest when the
height is less than 5 mm. However, the iron shim is mag-
netized by permanent magnets and presents flux. Thus the
thicker iron shim should provide more flux. Furthermore,
according to the magnetization curve of the iron shim, a
thinner iron shim produces less flux than a thicker one in its
saturation magnetization zone. This may cause BZ above
guideway c to be the largest when the height is larger than
5 mm.
Figures 4 and 5 show the distribution of BZ above the
middle and side iron shims, respectively, which indicate
similar characteristics of BZ distribution for iron shims in
different place. Nevertheless, it also can be noticed that the BZ
of side iron shims is a little larger than that of the middle one.
As the levitation force is associated to the BZ, we use BZ
to estimate the levitation force of the HTS bulks and
magnet levitation system. We take the levitation force FL
simply as proportional to BZ [14], namelyFL / BZ .
3 Experiment
3.1 Tests of levitation force
Three YBCO superconducting bulks were placed above the
three magnetic hills, as shown in Fig. 6. Superconducting bulks
were located in a container and cooled with liquid nitrogen.
One of the real guideways applied in experiments is
shown in Fig. 7.
The HTS bulks placed inside container were cooled at
different heights (15, 20, 25, and 30 mm) and pressed to
5 mm above guideway, and then returned to the original
locations, respectively. The container was moved down
and up at a speed of 50 mm/min. The variations of the
average levitation force with distance for HTS bulks are
shown in Fig. 8.
According to the experimental results, no matter what
the cooling height is, the levitation force of guideway a is
less than that of the others. Analyzing the experimental
data in detail, we found that the levitation force of













Fig. 4 BZ distribution above middle iron shim Fig. 7 Photography of experiment guideway c
Fig. 6 HTS bulks above guideway














Fig. 5 BZ distribution above side iron shim
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guideway b is a little larger than that of guideway c when
the distance is less than 7 mm. With the increase of dis-
tance, however, the levitation force of guideway b become
less than that of guideway c.
We further measured the vertical distribution of the BZ
in the center of middle iron shim and side iron shim from
surface to the height of 30 mm. The results are shown in
Tables 1 and 2.
BZ distributions and their corresponding levitation force
imply that higher BZ causes larger levitation force. Com-
paring the distribution with levitation force, we take the
relationship between them as FL / BZ on the whole. It is
obvious that the extra BZ contributed by magnetized iron
shim plays a key role in the process.
3.2 Tests of guidance force
HTS bulk over the permanent magnet guideway possesses
guidance force when it is cooled with liquid nitrogen and
captures a certain number of fluxes [16]. Guidance force
has much to do with the field cooling height [16, 17], so the
test height was set as the field cooling height of 15, 20, and
25 mm, respectively. The field cooling superconductor
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Fig. 8 Levitation force over different guideways with different
cooling heights. a 15 mm. b 20 mm. c 25 mm. d 30 mm
Table 1 The actual BZ distribution above middle iron shim
Height (mm) BZ (G)
Guideway a Guideway b Guideway c
0 14,022 12,911 10,746
5 7,366 7,453 7,357
10 4,445 4,564 4,630
15 2,703 2,905 3,136
20 1,811 1,985 2,088
25 1,064 1,268 1,373
30 707 803 936
Table 2 The actual BZ distribution above side iron shims
Height (mm) BZ (G)
Guideway a Guideway b Guideway c
0 14,815 13,252 11,476
5 8,024 8,286 8,023
10 4,916 5,081 5,159
15 3,324 3,484 3,619
20 2,303 2,474 2,568
25 1,775 1,867 1,981
30 1,297 1,362 1,469
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stepper motor connected with a force sensor. The guide-
ways a, b, and c were also used for the tests.
As we know, the guidance force is related to the mag-
netic flux captured by high-temperature superconductor,
when it achieves the superconducting state [16, 17]. It can
be seen from Fig. 9 that the BZ of c is the largest among the
three guideways. The higher the density of magnetic flux,
the bigger the BZ, and hence the larger guidance force. This
rule is also reflected in Fig. 10.
Figure 10 shows the average guidance force of super-
conductor with different field cooling heights over the
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Fig. 9 Distribution of BZ above guideways with different field
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Fig. 10 Average guidance force of superconductor with different
field cooling heights over the same guideway. a guideway a. b guide-
way b. c guideway c
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was cooled is regarded as zero in displacement. We can see
that when the displacement is less than 20 mm, namely
half the size of a single permanent magnet, the guidance
force is almost linear with the lateral displacement. When it
is larger than 20 mm, with the displacement increasing, the
guidance force gradually tends to saturation and decline at
last. Otherwise, with the decrease of field cooling height,
the performance of guidance force gets better, which is
similar to that described in literature [16, 17] for the single
magnetic hill guideway and Halbach twin hills permanent
magnet array.
The average guidance forces of superconductor bulks
for different field cooling heights over different guideways
are shown Fig. 11. We can see that, for the same field
cooling height of 15 and 20 mm, the thicker iron shim
causes a larger guidance force. Moreover, the decrease of
cooling height enlarges guidance force obviously. On the
other hand, the decrease of the field cooling height will
reduce the performance of HTS levitation force [16].
The main reason for the phenomenon observed above is
due to the increase of captured flux with the iron shim
getting thicker or the decrease of cooling height. The
macro equivalent current density J, which is composed of
eddy currents to maintain flux quantum beam in the
numerous flux pinning centers, was enhanced with increase
of the initial captured flux. The guidance force of HTS bulk






where FG is guidance force, JY stands for the horizontal
component of J, and V is the volume of the HTS bulk.
4 Conclusion
In this paper, simulation of the vertical component of mag-
netic induction intensity (BZ) is combined with experiments
on levitation performance to discuss the variation of guid-
ance force and levitation force with the thickness of iron shim
and cooling height. Narrower iron shim may cause stronger
BZ on the surface of guideway, but does not in the space. On
the contrary,wider iron shim provides stronger BZ at higher
height above guideway. Actually, the working height of
superconducting bulks is usually not on the surface of
guideway. Thus, it is very important to choose a proper
thickness of iron shim to obtain the strongest BZ and the best
levitation and guidance performance according to the dif-
ferent working height. This is meaningful for the application
of HTS magnet levitation system.
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Fig. 11 Average guidance force of superconductor with different
field cooling heights over different guideways. a 15 mm. b 20 mm.
c 25 mm
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